A SPECTRAL STUDY OF THE LINEARIZED BOLTZMANN EQUATION
FOR DIFFUSIVELY EXCITED GRANULAR MEDIA

THOMAS REY

ABSTRACT. In this work, we are interested in the spectrum of the diffusively excited granular gases
equation, in a space inhomogeneous setting, linearized around an homogeneous equilibrium.

We perform a study which generalizes to a non-hilbertian setting and to the inelastic case the
seminal work of Ellis and Pinsky [§] about the spectrum of the linearized Boltzmann operator. We
first give a precise localization of the spectrum, which consists in an essential part lying on the
left of the imaginary axis and a discrete spectrum, which is also of nonnegative real part for small
values of the inelasticity parameter. We then give the so-called inelastic “dispersion relations”,
and compute an expansion of the branches of eigenvalues of the linear operator, for small Fourier
(in space) frequencies and small inelasticity.

One of the main novelty in this work, apart from the study of the inelastic case, is that we
consider an exponentially weighted L'(m™') Banach setting instead of the classical LQ(Mi(l,!l)
Hilbertian case, endorsed with Gaussian weights. We prove in particular that the results of [§]
hold also in this space.
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1. INTRODUCTION
Let f¢:= f¢(t,x,v) be a solution to the space inhomogeneous collisional kinetic equation

(1) 0 VafT = L (QulF £ e M),

where t > 0, v € R? and z € ©, for  being either the whole space domain R? or the torusﬂ T¢. The
collision operator Q, is the so-called granular gases operator (sometimes known as the inelastic
Boltzmann operator), describing an energy-dissipative microscopic collision dynamics, which we
will present in the following section. The parameter € > 0 is the scaled Knudsen number, that
is the ratio between the mean free path of particles before a collision and the length scale of
observation.

Once € goes to 0, and then when the number of collisions per time unit goes to infinity, the
complexity of equation is (formally) greatly reduced, the solution being described almost
completely by its local hydrodynamic fields, namely its mass N > 0, its momentum uw € R? and
its temperature T > 0. These quantities are obtained from a particle distribution function f by
computing the first moments in velocity:

N(t,z) = /]Rd f(t,z,v)dv, N(t,z)u(t,z) = /Rd flt,z,v)vdv,

(1.2) 1 ,
T(t,z) = W/Rd f(t,z,v) v — ul* dv.

This reduction is usually carried on using the so-called Hilbert or Chapman-Enskog expansions of
the solutions to a linearized version of the kinetic equation (see e.g. the book of Cercignani,
Hlner and Pulvirenti [5] for a complete mathematical introduction in the elastic case).

A rigorous mathematical proof of this “contraction of the kinetic description” (namely the
hydrodynamic limit of the kinetic model towards a macroscopic one) for the elastic case has been
first given for the linear setting in the paper of Ellis and Pinsky [8] but the inelastic case still remains
to be investigated. An important step in the proof of this elastic limit is to give the so-called
dispersion relations of the collision operator, namely a Taylor expansion of the eigenvalues of the
linearization of the collision operator, with respect to the space variable, near a global equilibrium
(and this was the main purpose of [§]). The precise knowledge of the dispersion relations is actually
of crucial interest in the study of the full nonlinear and compressible hydrodynamic limit and it
was for example used by Kawashima, Matsumura and Nishida in [20, 13] (as a part of a rather
abstract Cauchy-Kowalevski-type argument which is also related to Niremberg [19]). The work
of Caflisch [3] also relies (but perhaps not as centrally as the previous ones) on these dispersion
relations. Let us also quote the work of Degond and Lemou [7] where a similar analysis of the
dispersion relations was conducted for the linearized Fokker-Planck equation.

We propose to give in this paper the corresponding inelastic expansion, with respect to both the
space variable and the inelasticity parameter, allowing to investigate in a future work first the two
linearized hydrodynamic limits of our model “a la Ellis et Pinsky” and then the nonlinear, com-
pressible ones “a la Nishida”. This result will allow us in particular to confirm a claim concerning
the clustering behavior of granular gases made in the classical textbook [2, p. 238] after a formal
analysis, namely that

the smaller the inelasticity, the larger the system must be to reveal clusters.

1.1. The Model Considered. Let a € (0,1] be the restitution coefficient of the microscopic
collision process, that is the ratio of kinetic energy dissipated during a collision, in the direction

IThe case of a square domain [—L, L}d, for L > 0 with specular reflection on the boundary can also be seen as a
particular case of a torus made of 2¢ independent copies of the initial box, using the parity of the normal component
of the velocity of f° at the boundary (as noticed by Grad in [10]).
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of impact. Then, we can define a strong form of the collision operator Q. by

(1.9 Qufw = [, (L= so)ota-oydo v,

R a?
= Q1 (f,9)(v) = f(v)L(g)(v),
where we have used the usual shorthand notation 'f := f('v), fi := f('vs), [ := f(v), f« := f(vi)

and @ := u/|ul. In (L.3), ‘v and v, are the pre-collisional velocities of two particles of given
velocities v and v, defined for o € S 1 as
y — U+ Uy _ 1_a(v—v*)+ 1+a‘v vlo
2 4o 4o ’
,v*:v—l—v* 1_a(v—v*)—1+a|v—v*]0
2 4o da

The unitary vector o is the center of the collision sphere (see Figure |l)) and u := v — v, is the
relative velocity of the pair of particles. Finally, the function b is the so-called angular cross-section,
describing the probability of collision between two particles. We assume that

(1.4) b is a Lipschitz, non-decreasing and convex function on (—1,1),
and also that it is bounded from above and below by two nonnegative constants b,, and by;:
(1.5) b < b(z) <by, Vxe(—1,1).

In particular, this cross-section is integrable on the unit sphere, thus fulfilling the so-called Grad’s
cut-off assumptionﬂ The operator QF(f,g)(v) is usually known as the gain term because it
can be understood as the number of particles of velocity v created by collisions of particles of
pre-collisional velocities ‘v and 'v,, whereas f(v)L(g)(v) is the loss term, modeling the loss of
particles of pre-collisional velocities "v.

We can also give a weak form of the collision operator. Indeed, if w € S! is the direction of
impact, we can parametrize the post-collisional velocities v" and v as

vV =v— 1_'2_0[(uwu)w7
vl = vi + 1—12—04 (u-w)w.
Then we have the weak representation, for any smooth test function 1,
16 [ QuUget)do =g [ fulfeg (6 46— = ) (i) dudodo.

Thanks to this expression, we can compute the macroscopic properties of the collision operator

Q.. Indeed, we have the microscopic conservation of impulsion and dissipation of kinetic energy:
v + v; = U + Uy,

2= _ 1—a?

2

Then if we integrate the collision operator against ¢(v) = (1, v|v|?), we obtain the preservation of
mass and momentum and the dissipation of kinetic energy:

[V + [~ ol — o [u- wf” < 0.

1 0
R Qa(f?f)(v) U2 dv = 9 )
[v] —(1=a%)D(f, f)
where D(f, f) > 0 is the energy dissipation functional, given by
(1.7) D(f, f):= bl/ f felv — a2 dvdv, >0,
R4 x R4

2Physically relevant in the case of inelastic collisions, due to the macroscopic size of the grains forming the gas.



4 THOMAS REY

FIGURE 1. Geometry of inelastic collisions, O := (v + v,)/2 and Q4 := O + (vy —
v) (1 —e)/2 (dashed lines represent the elastic case).

and b; is the angular momentum, depending on the cross-section b and given by
by = /d (1= (@ w)b(@-w) dw < 0.
Sd—1

It is of course finite thanks to the bounds (1.5)).
In all the following of the paper, we shall assume that the restitution coefficient is related to the
Knudsen number in the following way :

a=1-—c¢.

The macroscopic properties of the collision operator, together with the conservation of positiveness,
imply that the equilibrium profiles of Q, are trivial Dirac masses (see e.g. the review paper [2]]
of Villani). Nevertheless, adding a thermal bath (1 — «)A, will prevent this fact. Indeed, the
existence of a non-trivial equilibrium profile F, to the space homogeneous granular gases equation
with a thermal bath is insured by the competition occurring between the dissipation of kinetic
energy occasioned by the collision operator Q,, and the gain of energy given by the diffusion term
Ay

More precisely, if we multiply the equation Qu(f, f) + (1 — a) A,(f) = 0 by |v]?, integrate in
velocity and divide by 1 — «, we obtain using the balance equation

(1.8) (1+a)D(f, f) = 2d.

It has then been shown in [I, I6] that under the hypotheses (1.4)—(1.5) on the cross-section,
there exists a, € (0,1) such that for all a € [ax,1], there exists an unique equilibrium profile
0 < F, € S(RY) of unit mass and zero momentum:

Qa(Faach) + (1 - 04) Av(Fa) = 07

(1.9)

Fy(v)dv =1, / Fy(v)vdv =0.
R R
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In the last expression, S(RY) denotes the Schwartz class of C* functions decreasing at infinity
faster than any polynomials. The tails of this distribution are exponentials, of order 3/2.

Of course, if a« = 1 (elastic, non-heated case), the distribution Fj is nothing but the following
Mazwelliarf] distribution

(1.10) Fi(v) := My o7, (v),

where My o, 7 is the Maxwellian distribution of mass N, velocity w and temperature 7', only
equilibria of the elastic collision operator Q; (see e.g. [5] for more details), and given by

N v — ul?
M= e (M5

for (N,u,T) € R42. The quantity T} in (1.10) is defined by passing to the limit o — 1 in the

balance equation (|L.8]) :
D(Fy, Fy) = d.

We can then show thanks to this relation (see [I6] for details) that T} is given by
_ 1 d2/3 X —2/3
(1.11) i~ g (/RdMLO,I(UW dv> .

1.2. The Linearized Operator. As we have said in the introduction, our goal is to perform the
fluid dynamic limit € — 0 of equation (|1.1)). By rescaling the time ¢t = ¢/e and introducing a new
distribution f(¢,z,v) = f(t,z,v), the equation (I.1]) now reads (forgetting the tildas)

of¢
ot
The hydrodynamic limit then amounts to consider the large time, small space variations of the
model (see the paper of Carlen, Chow and Grigo [4] for more details on the scaling and on the
different types of limit models it can yields). This means as ¢ = 1 — a that we are studying
fluctuations g of f near the space homogeneous equilibrium profile Fy:

(1.13) f=Fy+g.

By plugging this expansion on equation (1.12)) and using the equilibrium relation (1.9)), we obtain
the following equation for g:
9g

(1.14) §+(1—a)v-Vzg=£a9+(1—a)Fa(g,g),

where the linearized operator £, is given for v € R? by

La(9)(v) == Qalg, Fa)(v) + Qa(Fa, 9)(v) + (1 — @) Au(g)(v),

and I'y, is the quadratic remainder.

In order to prove rigorous results on the original model, such as nonlinear stability, it will be
crucial that the fluctuation g lives in a weighted L' space. Indeed, to this purpose, we shall need
to connect the properties of the linearized operator L, to the existing L;l,, a priori estimates for
the nonlinear operator Q,. These regularity properties were discussed extensively by Mischler
and Mouhot in the series of paper [15, [16]. As we can see in these papers (we recalled the most
important properties in the Appendix), we will need to take g € L'(m™1), for m an exzponential
weight function: there exists @ > 0 and 0 < s < 1 such that

(1.15) m(v) := exp(—a |v|®).
The expansion ((T.13)) is well defined provided that the original distribution f € L* (m_l).

(1.12) +ev-Voft = Qc(f, f7) + e Au(f9).

3Hence7 there is a bifurcation which occur between the inelastic heated case and the elastic nonheated one.
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Let us present some basic properties of the linear operator L£,. We first need to define the
so-called collision frequency by

Va(v) = L(Fa)(v) = / (0 — .| Fo(0,) b(@ - &) dor du..
RdxSd-1
It is known (see for example the lemma 2.3 of [I5] for an elementary proof) that for any g € L3(R?),
there exists some explicit nonnegative constants cg, ¢; such that
0<co(l+]v]) <L{g)(v) <er (1+]v]), VeveR”
In particular, the collision frequency v, verifies
(1.16) 0 < Vo (1+[0]) < valv) < 1.0 (1 + o),

for two explicit nonnegative constants vg, V1. Then, we can rewrite the linearized collision
operator as a difference of nonlocal and local operators:

Lalg) = L3(9) — L7(g) — L™(9),
where £ is the linearization near F,, of the gain term, £* a convolution operator and £” is the
operator of multiplication by a function of the velocity variable v. Classically, for a = 1, the
linearized operator splits between a compact operator on L!(m™!) (see the paper of Mouhot [17]
for this particular exponentially weighted L! case) and a multiplication operator:

L1(g) = Li(g) — L™ (9)-
We will see in Section [2| that the same type of decomposition holds for L,,.
As a first step to treat mathematically the question of the hydrodynamic limit of equation (|L.1J),
we shall forget the nonlinearity in equation ([1.14]) and study the hydrodynamic limit of the linear
equation

0
(1.17) £+(1—a)v-vzg:£ag.
One strategy of proof is to compare the spectrum of the linear operator
(1.18) —(1—-a)v-Vy+ Ly,

to the one of the linearized fluid equation associated to the limit, as done in the seminal paper
of Ellis and Pinsky [§]. As a byproduct, the study of this spectrum will allow us to answer to
the question of the stability of the solutions to equation , by proving that the real part of
the eigenvalues of remains nonpositive. Hence, the rest of this paper is devoted to the
computation of the spectrum (for small inelasticity and small space positions) of .

In order to avoid to deal with the free transport operator in differential form, we shall now use
Fourier transform in space. More precisely, if we define the Fourier transform in x of a function
¢ :RY = R as

Fale)©) = [ e () da, VECRY,
it is well know that

Fi (Vg) (§) = i€ Fu(9)(§)-

Then using the fact that £, only acts on velocity variables and setting

vi=(1-a)E,
we can write ([1.18]) in (scaled) spatial Fourier variables as
(1.19) —i('y'v)—l—ﬁa =: ﬁ(aﬂ).

This operator is well defined on L' (m™!), with domain dom(L,, ) = W' (m™1). In this partic-
ular set of variable, the equation (1.17)) finally reads

dg
E = Eowg,
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and we see now the need to study the spectrum of the linear operator £, - for small values of the
variable ~.
To finish with the definitions, let us denote by IN; the kernel of the elastic operator £;. It is
spanned by the elastic collisional invariants, namely
Ny = Span{Fl, v; FY, |U‘2F1 1< < d}

where F1 = M, o1, and T1 is the quasi-elastic equilibrium temperature . For a < 1, the
kernel N, of the inelastic operator L, is smaller, because of the lack of energy conservation; it is
given by

Ny = Span{Fy, v; F,, : 1 <i<d}.

1.3. Functional Framework and Main Results. Let us present some functional spaces needed
in the paper. We denote by L] for p € [1,+00) and ¢ € [1, +0o0) the following weighted Lebesgue
spaces:

Lh = {f : RY — R measurable; 1Nl e = /d |f ()P (v)P?dv < oo} )
R
where (v) := /1 + [v[2. The weighted Lg° is defined thanks to the norm

[fllzge := supess,ega (|f(v)] (v)?).
Then, we denote for s € N by WP the weighted Sobolev space

W;’p::{fEL Hf“psp: Z/ ’8’“ pqdv<oo}

k|<s

The case p = 2 is the Sobolev space Hj := W;vg, which can also be defined thanks to Fourier
transform by the norm

11 = 17 (F 9z

We also need to define the more general weighted spaces LP(m~1) and W*P(m~!), where m is an
exponential weight function given by ((1.15]) respectively by the norms

11y = [, 1@ m™ @) do,

11y 2= H ok f||”

LP(m=1) "

For the sake of completeness, let us ﬁnally state some notions about operators that we shall
need in the following.

Definition 1. A closed operator T defined on a Banach space X is said to be a

e Fredholm operator of index (nul(7'),def(7)) if the quantities nul(7) := dim(kerT") (the
nullity) and def(T) := codim(R(T")) (the deficiency) are finite;
o semi-Fredholm operator if R(T') is closed and at least one of these two quantities are finite.
For such an operator, we define the

e resolvent set R(T) C C and the resolvent operator R(T,() as
R(T) :={¢ € C: T — ( is invertible on X, of bounded inverse R(T,()};
o spectrum X(T) of T as the (closed) set
X(T) = R(T)
o Fredholm set F(T) C C of T as
F(T):={C € C:T —( is Freholm};
o semi-Fredholm set SF(T) C C of T as
SF(T):={¢ € C:T —( is semi-Freholm};
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FIGURE 2. Localization of the eigenvalues of L, , for |y| < v(6).

o essential spectrum Yess(T) of T as the set
Yess(T) == SF(T) C X(T);
o discrete spectrum X4(T) of T as the set
Sa(T) :=35(T) \ Xess(T).

The two main results of this paper are the following Theorems. We first localize the spectrum
of the operator L, in the space Lt (m_l), generalizing to this space the classical L? result of
Nicolaenko [18] (see also the chapter 7 of the book [5] of Cercignani, Illner and Pulvirenti). Let us
denote by A, for z € R the half-plane

Ay :={CeC:Re( > x}.
We first prove the following result (which has been summarized in Figure .

Theorem 1.1. Let o € (av, 1], for a constructive constant 0 < ay < 1. There exists a constructive
constant fiq > 0 such that the essential spectrum of the operator L4, ) in Wf’l (m_l) is contained
on the half-plane A :
Vess (Lian)) € A,

The remaining part of its spectrum is composed of discrete eigenvalues. Their behavior for small
frequencies v is the following. B

Let us fix 6 > 0. There exist some constants 0 < X\ < p, < po and as € (a1, 1] such that if
« € (ag, 1] there exists a nonnegative number vy such that for all |y| < o, if X € ¥q(L(a,~)), then

AeA_L = [SmA <6
AeEA =A<

N>

We then give a first order (in v and «) Taylor expansion of the eigenvalues of L, ., which
generalizes the results of Ellis and Pinsky [8] and Mischler and Mouhot [16]. Notice that this
result also contains a part of the analysis led by Brilliantov and Pdéschel in the chapter 25 of their
book [2] about the stable and unstable modes of the fluid approximation of the granular gases
equation, namely that the energy eigenvalue is proportional to the inelasticity.

Before stating the result, let us define the eigenvalue problem we want to deal with: finding a
triple (A, 7, h) such that

(1.20) (—i(y-v)+ Lo) h = Xh,
fory e RY, A€ Cand h e L' (m™1).
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Theorem 1.2. There exist a € (g, 1], some open sets Uy x Us C R x C, neighborhood of (0,0),
and functions

A9 U x (ay, 1] = Us Vje{-1,...,d},
h9) Uy %S4 x (ay, 1] — LY (m_l) Vje{-1,...,d},
such that

(1) The triple (,ow, A9 (p, ), h(j)(p,w,oz) is solution to the eigenvalue problem (|1.20)), for all
ac (1], pelUy, wesSH, je{-1,...,d};

(2) The eigenvalue \9) is analytic on Uy x (ax, 1] and verifies

A0)(0,1) =0, Vje{-1,...,d},
oAV _ 272 I
1) =ji\ T+ —L e {-1,0,1 -~ (0,1) = e {2,....,d
ap (07 ) ]Z 1+ d ) V]G{ 307 }, 8[) (07 ) 07 \VIJE{, 9 }7
23(j)
68;2(0,1)<0, Vie{-1,...,d},
X0 3 oA ,

(3) For a € (au, 1], if a triple (pw, A, h) is solution to the problem (1.20) for (p,\) € Uy x Us, then
necessarily X\ = \9) for some j € {—1,...,d};

(4) Forj € {~1,0,1}, a € (o, 1] and w € S, the function v — hU)(pw,a)(v) depends only on
|| and v - w.
Remark 1. We notice in this result that the eigenvalues depend only on |y| and not on = itself.

This is due to the rotational invariance of the linearized collision operator. However, this is not
the case of the eigenvectors, which can also depend on the angular coordinates.

Remark 2. As a consequence of this result, we can write for (p, ) € Uy X (u, 1]
N (p,0) =ixp =20 — el (1 =) + O (P + (1 - )?),

for explicit (see Section constants /\g] ) e R, /\gj ) € R, and egj ) e R4. In particular, we obtain
that for small space frequencies and small values of the inelasticity, the spectrum of the linear
operator remains at the left of the imaginary axis in the complex plane. This phenomenon has at
least two important consequences on the behavior of the solution to the granular gases equation:

e The solutions to the linear collision equation (1.17) are L! (m_l) stable;

e The clustering phenomenon (see e.g. [2]) is not possible for quasi-elastic collisions a ~ 1,
or for systems with a small typical length scale.

1.4. Method of Proof and Plan of the Paper. The proof of Theorem concerning the
rough| localization of the spectrum of the linear operator L, ) is given in Section [2, and can be
summarized as follows:

o We first decompose this operator as a sum of compact and Schrédinger-like operators:

Ligph=—=[i(y )+ va)]h+(1—a)Ah+20F (Fa,h) — Fo L(h)
= D(a’,y)h + LSh.

4By rough, we mean more precisely that this result do not establish whether or not the eigenvalues can cross the
vertical axis of the complex plane.
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e We then compute the spectrum in L! of the Schrédinger-like part D, and apply a
Banach variant of Weyl’s Theorem (found e.g. in [I2]) about the stability of the essential
spectrum under relatively compact perturbation

Sess (L(a,n)) = Bess (D) -

e Once the essential spectrum has been localized, we take advantage of some space homoge-
neous coercivity and spectral gap estimates (proven in [I5]) to establish the existence of
the eigenvalues.

e We finally combine some information about the asymptotic (a« — 1) behavior of the space
homogeneous eigenvalues (also taken from [I5]) and the decay properties of the semi-group
of the operator D, .y to finally give a rough localization of the spectrum.

The proof of Theorem concerning the Taylor expansion of the eigenvalues of L, .y is given
in Section [3] Up to a certain extent. this proof is a generalization of Ellis & Pinsky’s arguments
for [8], namely:

e We start by reformulating the eigenvalue problem ([1.20) as a functional equation, using
bounded operators:

. |
(1.20) <= Finding (A\,v,h) s.t. h = \I’()\,'y,oa)
where II is a projection operator, ® a “multiplication” operator, and ¥ a “small” pertur-
bation of the identity.
e We then project this new problem onto the space of elastic collisional invariants, allowing
to rewrite completely (1.20)) as a finite dimensional system of linear equations of the form

(A(Ama) - Id) Xama) =0,

for a non-invertible square matrix A.

(I)(A:’Y: a) V;1/2H Vcly/2h7

e We finally solve this system of equation taking advantage of some elastic and space homo-
geneous techniques, from both [§] and [15].

2. LOCALIZATION OF THE SPECTRUM

In this section, we shall give a rough localization of the spectrum of the linearized collision
operator L, proving Theorem (|1.1]).

2.1. Geometry of the Essential Spectrum. We start by describing the “easy part”, namely
the essential spectrum. As we have to deal with the Banach space L' (mfl), we cannot apply
directly the classical Weyl’s Theorem about the stability of the spectrum under relatively compact
perturbations, because of the lack of Hilbertian structure. We shall rather apply the more general
version stating only the stability of the semi-Fredholm set, which is well suited for our definition
of the essential spectrum.

Proposition 2.1. Let o € (ay, 1], where oy is defined in Lemma . There exists a constructive

constant i, > 0 such that the essential spectrum of the operator L4, ) in VVIQ’1 (m_l) is contained
on the half-plane A< :

Sess (Liam) € A%
The remaining part of its spectrum is composed of discrete eigenvalues.

Proof. Let us use the expression ([1.19)) of the collision operator in spatial Fourier variables, and
decompose it for h € L' (m_l) as a local and a non local part:

La,yyh==[(v v)+va)]h+(1—-a)Ah+2 Qf (Fu,h) — Fo L(h)
(2.1) = D(a, )l + LG,
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where

(2.2) { Do) = —[i (7 ) + va(v)] Id+(1 — a)A,,

LS :=20F (F,,") — Fy L(+).

We start by the spectrum of Dy, ) in L' (m™!). This operator is the difference of a Laplace
operator with the operator of multiplication by C(q, 1) (v) := i (y-v) + L(Fy). This quantity verifies
according to the lower bound of the collision frequency ([1.16|)

ReCo,~(v) > vy a,

where 1 o is the lower bound of the loss term v — L(Fy)(v) (thanks to the smoothness of the
profile Fy, stated in Proposition |A.2)).

It is known from e.g. [IT], I4] that the spectrum of the Schrédinger-like operator D, ) is
independent of the weighted L? space (for p € [1,400)) where we study it. Let us compute this
spectrum in L. To this end, we shall look at the stability properties of the semi-group generated
by Dq, ) on L? (m™1): let h = h(t,v) € C (0, +o0; W) be a weak solution to

oh
(23) a — D(oc,’y)h'
If we multiply this equation by A and integrate in the velocity space, we have thanks to Stokes
Theorem and for « close to 1

0
(2.4) SO n-1) < =1Cta,m) A 22(m-1) < =00l BON72(m-1).

We then obtain that

1h(8) ]| L2gm-1y < €770/,
Hence, there exists a constant 0 < [, < v such that the spectrum of the operator D, . is
included in the set A% ; .

Moreover, thanks to the Holder continuity of the inelastic gain term in operator norm (with loss
of weight) stated in Proposition the operator Lg, is D(q, ,)—compact (and this is here that the
weak inelasticity assumption « € (v, 1] is used). Notice that we have chosen to define the essential
spectrum of an operator S “a la Kato”, namely as the complement of the semi-Fredholm set of .S
in C. Then we can apply the Banach version of Weyl’s Theorem (see e.g. [12, Theorem IV.5.26
and IV.5.35]), stating that the semi-Fredholm set is stable under relatively compact perturbation.
Hence, the essential spectrum of L, ) is included in A% .

The set A_j, is then equal to the Fredholm set F (ﬁ(aﬁ)). It remains to show that this set only
contains the eigenvalues and the resolvent set. We know from the discussion in [12, Chapter IV,

Section 6, and Theorem 5.33] that F (L(a’ ﬂ/)) is an open set, composed of the union of a countable
number of components F,,, characterized by the value of the index: for any n € N, the functions

nul : ¢ — nul (g(w) - g) . def : ¢ — def (z(w) - g)

are constant on JF,, except for a countable set of isolated values of (. In our case, we have
F (L’(aﬁ)> = A_j, which is connected; it has only one component, which means that nul(¢) and
def(¢) are constant on A_j,, except for a countable set of isolated values of ¢.

We will prove that these constant values are nul(¢) = def({) = 0, meaning that ¢ belongs to
the resolvent set of L, ). The remaining isolated values ¢, being in the Fredholm set, then verify
0 < nul(¢) < 400 and 0 < def({) < +oo, which exactly characterizes the eigenvalues. We shall
follow closely the proof of [I7, Proposition 3.4], and exhibit an uncountable set I C A_j_ such
that nul(¢) = def(¢) = 0 for all ¢ € I.

Let us use the decomposition introduced initially in [I5]

Lo,y = As = Ba,s (i(v-0)),
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for § > 0 (see Section [A| for more details). We know from Lemma that Aj is compact on
L' (m™1), and that B, s satisfies the coercivity estimate

(2.5) 1B, 5(C) 9ll 11 -1y 2 (1 + Re Q) gll 11y — €(0) [[ (1 + Re Q) gll 1 1y -
where €(6) — 0 where 6 — 0. If we fix 79 > 0 sufficiently big and § > 0 small enough, then we
have according to ([2.5)) for all » > 7
. Yo,1 + 1o
1Bas (407 0)) 0l g3 sy 2 22l )

Thus, the operator By, s (r +i(y - v)) is invertible on L' (m™!), for all 7 > ro, and then it is the
same for Lo, —7 = As — Bq,5 (r +i(v - v)) by compacity of As. It finally means that the interval
I := [rg,+00) is included on the resolvent set of L, -, and then that

nul(¢) = def(¢) =0, V(€ [rg,+00),
which concludes the proof. O

2.2. Behavior of the Eigenvalues for Small Inelasticity. We shall now focus on the discrete
spectrum of this operator, namely its eigenvalues. A major difference with the elastic case in the
classical Hilbertian L? setting is that the operator we deal with is not a nonpositive operator, and
we cannot conclude thanks to the last proposition that this operator has a spectral gap (namely a
negative bound for its eigenvalues). Nevertheless, we know from [I7] for the elastic case and [16]
for the weak inelasticity case « € (ag, 1) that £, has a spectral gap —Xin L* (mfl), verifying for
a sufficiently small (say o € (aq,1] for 1 > a1 > ap)
0 <A< ps < [fla,

for a nonnegative constant u, depending on «.

Let us now study the behavior of the discrete spectrum of L, . for small values of the frequency
~v. We shall show that if v — 0, then the eigenvalues of this operator converge first towards the
real axis and then towards 0.

Proposition 2.2. Let § > 0. There ezists aa € (aq,1] such that if a € (a2, 1] there exists a
nonnegative number o such that for all |y| < o, if A € q(L(a,)), then

(2.6) AEA_, =|SmA <5
(2.7) AeA 5 =[N <0
2

Proof. Let us first notice that if A is an eigenvalue of L, ) and h an associated eigenvector, then
using the decomposition ([2.1]) introduced in the proof of Proposition we can write

(2.8) £5h = (A= Do ) by
where L, is compact on L (m™!) (thanks to the sharp estimates of Lemma [A.1)) and
D,y = =i (7 v) + va(v)] Id+(1 — a) Ay,

We will proceed by contradiction using the representation (2.8)). Concerning the first implication,
if, for § > 0, there exist a sequence (), C R? converging towards 0, a sequence of functions

(hn)n € L' (m™1) of unit norm, and a sequence of complex numbers \, € X4 (E(aﬁn)) verifying

o £~ (0
ISmAp| >0, Red, > —px,

then we must have limsup |[3m \,| < co. Indeed, the operator L is compact on L' (m_l), and
then the sequence (LShy,), converges (up to an extraction) towards g € L' (m™!). Thus we can

write using ([2.9)

(2.10) g = lim (A= Dia,r,)) hn
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We have seen in the proof of Propositionthat the semi-group S,ga’ ") associated to the operator
D(q, ) in L' is exponentially decaying in time, uniformly in o and v. But, we know (see e.g. [9],
chap. IT) that if R(D(q, ),") is the resolvent operator of D, -, we have the integral representation
for all ¢ € R(D(q,))

t
R (D(a,’Y)7C) = lim eftcslgav’y) dt.

t=+oo Jo
Thus, using the decay of S§a77), we have R (D(OW), 0) =: D@l ) bounded in L', uniformly in ~,
and then according to (2.10))

—1
o it = (fi 0 D) o

But, we also have for v € R?

1 1—a -1
:m+mwmwuw@“m+mmwwuwm>g@’

and then by considering again the behavior of the solutions to equation ([2.3)), which gives inequality
(2.4]), we obtain a constant C' independent on («, Ay, 7y) such that

(212) (Do) s

Finally, if lim [Sm A, | = co we would have according to the limit (2.11)) and the estimation ([2.12])

(M= D, m)_l 9(v)

gl

S -
s |)\n| — 1,

Jim A [z =0

with [|hn || £1(m-1) = 1, which is not possible. Hence, [Sm ;| < C for an infinite number of indices
n and C' > 0.
But, we also have —u, < Re X, < 79 (where 79 > 0 is defined in the proof of Proposition

, and then we can extract another subsequence (M, ), converging towards A € C such that
~1
SmA > 6 > 0. Using the fact that v, — 0 and the smoothness of the map \ — ()\ — D(a,o)) )

we obtain in (2.11)
. 71 —
kh_)rgo Iy, = ()\ — D(%O)) g=:helLl (m 1) ,

~1
with [|h|g1(m-1) = 1. Hence we conclude by inversion of ()\ - D(a,O)) and by the smoothness of
the nonlocal part of L, that

(A= Diaoy) h=g= lim Lh, = LA
which means according to the definition of £, that
Ah = Lyh.

This is absurd because |Sm A| > 6 > 0, Re A > —p, for u. close to the spectral gap of L, and yet
we know from [I5] that the eigenvalues of £, can be made arbitrarily close (with respect to 1 —«)
to the ones of £1, which are real according to [17].

We shall now give the proof of the implication , also by contradiction. If for § > 0 there
exist a sequence (), converging towards 0, a sequence (hy), € L' (m™!) of unit norm, and some
complex numbers A, € ¥4 (L. 5, ) such that

—)/2 < Re X, < =6,

then A\, € A_,, and according to the relation (2.6) we have [Sm A,| < 0. We can then extract a
subsequence (A, ) i Which converges towards a complex number A also verifying —A /2 < Red < —94.
When k — oo, the same argument than before gives L,h = Ah with A # 0. By using again the

spectral properties of L., we then have e A < —\, which is absurd. O



14 THOMAS REY

This concludes the proof of Theorem We also summarized the results of this proposition in
Figure Moreover, it gives us some rough information on the behavior of the resolvent operator
of E(a ’Y) .

Corollary 2.1. If a € (a1,1], the resolvent operator R(L
such that Sm ¢ > 4.

a,~),C) is well defined for ¢ € A,

3. INELASTIC DISPERSION RELATIONS

Our goal in this section is to precise the localization results of the previous section, by proving
Theorem that is to give a Taylor expansion of the eigenvalues of L, ) in @ and . The purpose
of this expansion is twofold: on the one hand, we want to establish that, at least for small values
of a and +, the eigenvalues of the linear operator L, - stay at the left of the imaginary axis. This
could be useful if e.g. one wants to prove nonlinear stability of the solutions to . On the other
hand, obtaining this decomposition up to the second order in the spatial frequency v and to first
order in « is necessary to establish the validity of the linearized quasi-elastic hydrodynamic limit
of our model, in the same way than [8]. To obtain this expansion, we shall refine the method of
proof of this paper, together with the use of some ideas introduced in [I6] in order to deal with
the quasi-elastic setting.

We recall for the reader’s convenience that we are interested in the following eigenvalue problem:
finding A € C, v € R? and h € L'(m™!) such that

(=i(y-v) + La) h = Ah,
which can be reformulated thanks to the decomposition (2.1) as finding A € C, v € R? and
h € LY(m™") such that
(3.1) Loh = A+ va(v) +i(y-v) — (1 —a)Ay) h.

3.1. Projection of the Eigenvalue Problem. Let us now define the scalar product we will use
in the following. If ¢, are such that the following expression has a meaning, we will set

6.0 = [ 60) D) F (W) do,

where Fy = M, 7, is the quasi-elastic equilibrium and T is given by (1.11). Indeed, our goal
is to introduce a spectral decomposition of L' (mfl) as a direct sum of L,-invariant spaces. The

inner product we use for this purpose is the one of L? <F1_ 1) because f = m + h € L* (m™1) if

and only if h € L' (m™1) and f € L? (Fl_l) if and only if h € L? (Ffl). This hilbertian structure
allows us to define the spectral projections.
Let us start by decomposing the operator L, as

(32) LG, = v* (T4 Sa) v/,
where II is the projection on the space
Ny = 2Ny = Span{v}/2Fy, v}/ 20 Fy, v 02 Fy - 1< i < d},

and S, is given by
S = v L8 — v V2L

Actually, P := vq V21T is the spectral projection on the null space of £1, and can be defined using
the resolvent operator of £ as

1

P= T 7?,(,617 C) dC

1T JCeC:|¢|=r
where 7 < 0 for ¢ sufficiently small (see the discussion in Section 5 of [I5]). In particular, P
commutes with £;1. Moreover, the operator LS being compact on L'(m~!), 1 + S, is compact on
the same space. Given that the rank of II is finite, S, is then a compact operator on L!(m™1).

We first need to prove a result concerning the eigenvalues of the operator v; 1/ 281 Vll 2,
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Lemma 3.1. On the space L'(m™1), A =1 is not an eigenvalue of V1_1/281 V11/2.

Proof. If there is an h € L'(m~!) such that V1—1/281 V11/2h = h, then according to (3.2),
Lih=—wnh+ 21+ 8) 1%
(3.3) =211y ?h.
Projecting this equation upon the null space of £, using , we obtain for all ¢ € N; that
0= (L1h, )
= (I, h, 0% ),
and then 1‘[1/11 2p i orthogonal to 1/11 / 2N1, which is the whole range of II. Then, necessarily, as II

is a projection, we have Hl/ll/Qh = 0. It means according to (3.3) that £1 h = 0, and then that

h € Ny, which is absurd because II is a projection onto 1/11 / 2N1 thus

v ?h =T1v)*h = 0.

Let us now denote by @, , o) the operator

P(rya) = Walv) +A+i(y-v) = (1= @) Ay) " va(v).

If the triple (v, A, h) is solution to the eigenvalue problem (3.1)), then we can write using the
decomposition (|3.2))

h=(Va(v) + A +i(y-v) = (1 —a)Ay) " va(v) (va(v) " LR
(3.4) = Dy )V VP (I + Sa) v/

o

This will allow us to rewrite the eigenvalues problem with bounded operators. To this purpose,
we state a technical lemma about the asymptotic behavior of the operator @ , «)-

Lemma 3.2. For all g € W?'(m™1), we have

[(®05m ~14) g

where im ) . 0)—(0,0,1) e(A,y, ) =0.

<e v A)lgllwzign-1),

Li(m—1)

Proof. If we set C( o,4) = A+ (7 - v) + Va, we can write for all v € R?

2orayglv) ~9v) = (C(A’OW) (v) = (1 - Q)Av) Va(v)g(v) — g(v)
1 1— -1
= 5 Id _7Av C V) — ).
C(,\,a,y) ( (v) ) (0,0,1)9( ) —g(v)
Then, to prove the Lemma, we need to prove that the norm of the operator

T::=(Id—eA,) ' —1d,

defined from W?2! onto L', can be made arbitrarily small for small €.
Let us first reformulate this operator using the resolvent of the Laplace operator A,. Since we
have

(Id —eA,) Tz = Ay,
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we can rewrite 77 ad]
~1
15 re(fa) s (e o

It is known from [6] (and classical for unweighted LP spaces) that the resolvent of the Laplace oper-
ator on exponentially weighted L' spaces verifies for an explicit real constant a and a nonnegative
constant C'

C
(3.6) IR O\ ) Bl s oty < 5 — Al

for any A in an unbounded angular sector of the complex plane which does not contains a. In
particular, using this inequality in the identity (3.5), we have that for any g € W2!(m™1!)

el
17e 9l 11y < 72 9llw21m-1) a0 0,

which concludes the proof of the Lemma.
O

In all the following of this section, we shall use the polar decomposition v = pw for p > 0
and w € S of the frequency 7. We prove an invertibility result, which is needed to rewrite the
eigenvalue problem (3.1]) using bounded operators:

Lemma 3.3. There exist ag € (ag, 1] and some open sets Uy x Uy C R x C, neighborhood of (0,0)
such that if (p,\,a) € Uy x Uz x (a3, 1], then for all w € S, the operator

Vo pwa) = 1d =@ ooyt PSa v/
has a bounded inverse on L'(m™1).

Proof. We have seen that 1/(‘}/ 25a 1/(‘}/ ?is a compact operator on L'(m~!). Moreover, we have

according to the representation (2.8)) (with D, -y given by (2.2))

q)()\,pw,oz) = (Va(’l)) + A+ (7 ’ 'l)) - (1 - a)Av)_l

Vo (V)

= (/\ — D(aﬁ)> Vo (V)

which is a bounded operator (at least for small frequencies ), thanks to the analysis we led on
Section |2|, and particularly from the localization of the discrete spectrum of L, ) of Proposition
[2:2] Hence, the operator

<1>()\7pw7a)1/071/28a 1/;/2 = (é(k,pw’a)ygl) (V&/QSOC I/CI/2>

is compact on L'(m~1).
By Fredholm alternative, it just remains to show that for (p, A) small enough and « close to 1,
there is no non-trivial solutions h € L'(m™1!) of

(3.7) h=®\ pu ayVa /2Sa v/ ?h.

Let us do this by contradiction. Assume that there are sequences (A, Yn, &n)n — (0,0,1) and
(hp)n C L*(m™1), ||hy|| = 1 solutions to (3.7). First, we notice thanks to the continuity of the
equilibrium profiles F, with respect to a (recalled in Proposition and to the smoothness
properties of these profiles (recalled in Proposition that we have

lim ||vg — v1]|p~ = 0.
a—1

5If it has been possible to conduct this study on a unweighted L? space, it would have been enough to notice the
following Fourier representation:

6 ().

]:U(ﬁf)('s):_1+€|£|2 v
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Moreover, according to Lemma the operator £, converges towards £1 in the norm of graph

in L'(m~!). Then, the operator Very / 28% l/éi , which is compact on L!(m™1), converges towards

the operator v 1/2 S Vl/ 2 , and we have up to a subsequence,

Vard S, VAP hn —nsoe g € LH(m ™).

Qn Oén

Thus, if we write ®,, := @, . ), given that h,, is solution to (3.7), we have

Yn, On

Olnoc

(3.8) T = @ [V 2 S Va2 — g| + D g.
But, according to Lemma [3.2] we have
(3.9) Jim ([ ®n9 — gl 11n-1) = 0.

Hence, by Lebesgue dominated convergence Theorem, this implies with identity (3.8)) that the
sequence (hy, ), strongly converges towards g (using also the fact that the sequence (®,¢), is
bounded in L!'(m™!) for large n thanks to (3.9)). Therefore, we have by continuity

g= lim v, 1/28 1£2hn = Vl_l/le 1/1/2

7
n—oo

1/2

namely g is an eigenvectorﬁ for v, Y 251 v,;’” associated to the eigenvalue 1, which is absurd ac-

cording to Lemma Finally, the operator Id — ®,  o)Va 12 z/a/ ? is invertible on LY(m™1) for
small (), v) and « close to 1.
O

Let us now rewrite the relation (3.4]) as
( s a)h = |:Id @()\,y a)Va —1/2 S, v, 1/2 :| q)(A,W)Vc:l/2 (H+Sa) Vol/2h
= Do {va I 4 05 280 v/ [l =) (4 S0) 12 } b

According to Lemma VU5, a) i invertible for small (\,7) and a € (a3, 1]. Then, provided
that h is solution to (3.4]), we have

(3.10) h=v, vy VP 2.

(M, )‘I’(M, ),

Let us introduce the “conjugated operator” P := v, P 1/ 2= IP’I/&/ 2, where PP is the projection
onto the space of elastic collisional invariants N;. We can use it to rewrite (3.10) (and then the
eigenvalue problem ({3.1])) as the following finite dimensional system of equations

(3.11) Ph=PY, 1 ®0raPh,

which can be understood as:

Finding X(x~,a) = (20, -+, Tdy1) € R¥2 such that

(A, ) = 1d) Xy 0) = 0,
where A =PU1® € Mgyo ar2(R).

6T his justifies the use of Lemma in equation (3.9). Indeed, the solutions h to this eigenvalue problem are such
that

[hllw2.1(m=1) < C Rl L1 gn-1),
for C' > 0, as was shown for instance in [I5] using the decomposition (A.I)):

0= (Layy —ANh=(As — Ba,s A+i(y-v)))h.
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We shall find in the following section some conditions on A in order to have
det (A q,a) — 1d) = 0.

Under such conditions, the abstract problem will admit a non-trivial solution X. Coming back to
the original problem, given that X = Ph = Pr/? h, we will obtain thanks to equation (3.10]) a

solution h to the original eigenvalue problem (3.1).

3.2. Finite Dimensional Resolution. We shall study the vector X component-wise, using the
normalization

(3.12) X = Pr/?h(v) = 20 Fy(v) + (@ -v) Fi(v) + 241 (o] = e) Fa(v),
where ¢, is such that (v, [v|?) = (v, c,). If we compute the product of with elements of
Ny = Span{l/é/zFl, 1/;/2121- Fi, 1/61/2 (\v|2 — c,,) Fy:1<q:<d},
we find using the definition of P and the orthogonality of elements of N, for (-,-) that
<Vé/2h, 1/01/2F1> = g <1/01/2F1, l/;/QF1> ,
(3.13) (Va2 v/ v By = 2 (Vo B vl Po B V<< d,

(W ?h, v}/? (MQ = c:/) F) = 2441 <Vc1v/2 (‘”’2 - CV) Fi, v/ (MQ - c") F1> '

For clarity sake, let us set in the following

(.00 = [, 600) () Fi(v) o,

in order to have

<V;/2 h,l Fl, I/g/2 hQ F1> = <l/ah1, h2>F1'

Using (3.10) together with the relations (3.13)), we obtain for all 1 <i <d
(3.14)

70 (Va, 1>F1 = 20 (Va, T71>F1 + <VaaT'y (- U)>F1 + Zdy1 <Va7T'y (|U|2 - CV)>

I

Py

;i (Va Vi, Vi) i, = %0 (Va Vi, Th1) p + (Vo vi, Ty (2 0)) p + Ta <1/a v;, Ty (|v|2 - cl,)>

9

Fy
Tga1 <Ua (|U|2 - c,,)  Jv]? = c,,>F1 =z <1/a (|v|2 - c,,) ,T71>F1 + <1/a (\v|2 - cl,> Ty (- v)>F1

+ Tqq1 <Va (MQ - CV) Ty (MQ a CV>>

Jo

where we have set for fixed (A, @)
g1
(3.15) Ty = V5L P,

The system is the componentwise version of the projected problem . We are now
going to decompose this system of d + 2 equations in X = (zo,...,2441) in a closed system of 3
equations in xg, z-w and x4, for a fixed w € S¥! (corresponding to the longitudinal sound waves
of the Boltzmann equation, see also the work of Nicolaenko [I8]) together with a scalar relation in
x; for all 1 <4 < d (corresponding to the transverse sound waves). For this, we need the following
technical lemma:
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Lemma 3.4. Let 2,y € R?, e := (1,0,...,0)T and v = pw for p € R and w € S¥L. Then, we

have
(3.16) (Va, Ty (- 1})>F1 =2 w (Va, Tpe vl)F1 ,
(3.17) (Vo (2-0), Ty 1)y, =2 w(Vav1,Tpe 1),

o (z-0), Ty (y-0)p = (x-w)(y - w) (Vav1, The v1>F1
(3.18) +rw— (2 w)(y - w)] (Vave, Trev2)p, -
(3.19) <Va (x-v),T, (\v|2 — CV)>F1 T-w <1/a v1, The (|v[ — cy)>F1 ,
(3.20) <l/a (]v|2 —c,,) , T, (xv)> =x- w<y (]v|2 —c,,) ,Tpev1>F1

Proof. According to the definitions of T, and ¥, , ), the y—dependency of 7’ is only happening
through the operator ®(, , o). But, for M € O(d) the orthogonal group of RY (namely, M M* = 1q)

one has for v € R? and ¢ € dom (<I>()\’% a)), using the fact that v, is a radial function, for all v € R,
(2 8) (M) = (va(Mv) + At (3 - Mo) — (1~ 0)Ag) ™ va (M) g(Mu),
= ((I)()\,M*1 v, a)Mg> (1}),
where we have set Mg (v) := g(Mwv). Then
(T g9) (Mv) = (TMA7 Mg) (v), VoveR%
Especially, if g is a radial function, there exists a function I'y such that

(T 9) (v) = Ty(7 - v, [v]).

One has thanks to this result
(o T (@ 0)) = (T v (2 0))
- /R Loy, Jol) (- v) Fy(o) do.

Let M € O(d) such that M~!'w = e. Thanks to the change of variables v = M¢ and using the
polar coordinates v = pw one has v-v =pMtw- €& = p& and then

(s T, @+ ), = [ Tunlp,€) - ©) Fu(€) e
= [ T e e (M- Fu(©) de,

) —g(—a,-)) /2. Given that F} is a radial function of v, (¢°¥ h)p, =
(M~1z)- M~w, one has

s T, (- ), = [ T8 (060, J6D) (M) € Fa(€) e
= () [ a6 lED & RO d
Rd

:x-w<T*1/ v>
pe sy 1 F17

which proves (3.16)).
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Thanks to the same arguments
(Vo (- 0), Ty 1) :/R va(v) (z - 0) Ty (y - v, |o]) Fi (v) do
= [ val®) (MM O Talpr lél) Fa(©) ds
= | val&) (M2 - )M (p &y, [€]) F1(€) dé

=z w(Vq UlvaeDFl ,
which proves (3.17). Concerning the next identity, one has

e Ty, = 35 s [, velo) o (T 5)0) £y (0) o

= Y wiyy [, val€) (MO (Te(ME),) (§) Fil€) de

1<iy<d
= > xiijquk/RdVa(ﬁ)fl(Tpeﬁk)(f)Fl(f)df-

1<i,j,k,1<d

If k # [, this integral is zero (it is clear by doing the transformation £ — —&). In the other case,
one has

(Vo (z-0), Ty (y-0)) g = > @iy Ma Mjl/Rd Va(§) & (Tpe &1) (§) F1(§) d€

1<i,j<d

b iy Ma My [ (O & (T £2) (O FA()

1<i,j<d
2<i<d
= (z-w)(y - w) (Vo o1, Tpev1) g,

+ Y wiy [(MM*)ij — My M, ] (Ve va, The v2) s,

1<i,j<d
which is (3.18) because M M* = I;. The inequalities (3.19) and (3.20) are finally obtained using
the same methods of proof. O

Applying this lemma to system (3.14)), we find for all 1 <i <d

(821) @0 (o Tpel = U, + 7w (Vo Tpevr) g, + 2ar1 (v Toe ([0 — ) . =0,
i (Ve 0, Vi), = Wi To (Ve V1, Tpel)F1 + [ — wi (- w)] (Vg v2, Tpevg)F1
3.22
(3:22) + wi (7 - w) (Va v1, Tpev1) p, + Wi Tat1 <1/a v1, Tpe (|v|2 - c,,)>F1 ,
2o (Vo |U\2—c,, JTpe 1 + 2w, ‘U’Q—CV , Thevn
(3.23) < ( ) >F1 < ( ) >F1

+ xga1 <Va (|v\2 — c,,) Te (‘U’Q — cl,> — (|U\2 — c,,) >F1 =0.

Now, on the one hand, if we multiply (3.22)) by w; and sum over all 4, using the fact that |w| =1,
we find that

=0.

(3.24) x0 (Vo 1)1,Tpel>F1 + 2w (Vavi, Thev1 — 111>F1 + Tg1 <I/a v1, The (|v\2 — cl,) >F1 =

The system (3.21)(3.24)(3.23)) is closed in (xg,x - w,z441) for a fixed w € S~!. Coming back to
a more abstract form, there exists solutions to this system if and only if

(3.25) D\ p,a) =0,
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where we have defined D as the following Gram-like matrix (remember that T’ is given by (3.15))
and depends on (v, «@))

(3.26) D(\ p,a) =

(Va, (Tpe —1d) 1) (Va, TpeUl>F1 (va, Tye ([0 = cv))p,
<Va U1, Tp61>F1 <Va U1, ( Id) Ul> <Va U1, Tpe (’U|2 - Cu)>F1

(Vo (] = e) 7TPEI>F1 (Va (Jv]* = V) 7Tpe”1>F1 (Vo (J0]* = ¢) s (Tpe —1d) (Jv]* — CV)>F1 |

On the other hand, if one multiplies (3.24) by w; and subtract this expression to (3.22), one
finds

(3.27) [z — wi (x - w)] Dy(A, p,a) =0,
where we have set
(3.28) Dy,(\, p, ) = <Va U1, ( —Id)v1)p,

Then, if one solves (3.24]) in C' - w, the relation will give the expression of z;, provided that
the equation D, (), p, @) = 0 admits an unique solution A
We will simplify these expressions thanks to the following Lemma.

Lemma 3.5. Let (p, \,a) € Uy x Us x (ag,1]. If g, h are elastic collisional invariants, namely if
g,h € Ny = Span{Fy, v; Fy, [v|* Fy : 1 <i<d},

then we can write for all w € S*1 and v = pw
(Y0 P00 = 18) =T ) (20,0 —1d) B
(700 Uil 0 P0ah) = (100 VL o) (2000ce) —1d) 1)

Proof. By definition of NV, we have Vi/2h € N, and then S, Vé/Qh = 0. But, we know that
\Il(/\,’y,a) =1d —@(Aj%a)l/(;l/zsa 1/3/2.

Thus, we have ¥, , o)h = h, and given that W\
and v = pw, we have

1
(3.29) \IJ( M)
which proves the first relation. Using the orthogonality of the collisional invariants and (3.29)), we
obtain the second equality:

<Vag’ ‘IJ(;\lv a)q)(’\v%a)h> - <V°‘g’ \I’(i\lv a)q)(’\v%o‘)h> — {vag, h)
= (vag. (Y3l )P0y —14) 1)
= (100 V(3 ) (2000 — 14) ).

1, ) is invertible for (p, A\, o) € Uy x Uz x (a3, 1]

h=h,

O
Let us set Ty 5, ) = \I/(/\lm ) ((I)(Am a) — Id). Thanks to this lemma, to the definition of ¢, and

by the nullity of the odd moments of the centered Gaussian F;, we can write (3.26)) in a “simpler”
form, namely

(o T 1)y (v Topea ), (oY),
a1, T (X, pe, @) 1> <Va UlaT()\,pe,a) U1>F1 <Va vlaT(A,pe,a) g>

(330)  D(\p,a)=|(v
<V0é g7 (A, pe, ) 1>F1 <Va 9, T(A,pe,a) Ul> <Va gaT(/\,pe,oz) g>

B’
F Py
where we have set g(v) := |v|? — ¢,. We can also write (3.28)) the same way

(3.31) Dy(\, p, ) = (Vav1, Y pe v1>F1 .
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Before solving these equations, we need a last lemma.

Lemma 3.6. Let h be an elastic collisional invariant (namely h € N1). If ¥* denotes the adjoint
operator of W, then we have

(\If?o,o,l)) ' v1h = vih.

Proof. Let (p,\,a) € Uy x Uy x (a9, 1] and w € S9! and set v = pw. If T is an invertible operator
on a Banach space, it is known that (7%)~! = (T~1)*. Moreover, provided that vy € R, the adjoint
operator <I>’(k)\ 1) is the operator of multiplication by

v (v)
vi(v) + A —i(y-v)

)y = Id strongly. But, we can also compute

Then, if (X, p) = (0,0) we have 7,

* —1/2 1/2\*
U ey = 1d — (é(k,pw)yl 28, v/ )

1/2 6% . —1/2 £«
=1Id —Vl/ Sl Vq / (A\pw)

and as h € N1, we have
1/11/281‘ V1_1/2 vh = 0.
Finally, we can write
Wi ymih = (Id =087 v ) wih
=uh,
which concludes the proof after inversion. O

Remark 3. The eigenvalues and eigenvectors of L, ,, are analytic function or p. Indeed, thanks
to the hard spheres kernel and estimates ((1.16[), there exists a nonnegative constant M such that

- 0) Bl sty < M (IRl oty + [ Labl sy -
We can then apply [12, Thm. VII.2.6 and Rem. VII.2.7] about the analyticity of the spectrum of
a closed operator on a Banach space.

3.3. First Order Coefficients of the Taylor Expansion. We can now study in details for
what values of the parameters A and « one can solve the projected eigenvalue problem (3.27)). We
start by considering the behavior of the transverse sound waves.

Proposition 3.1. Let w € S%~!. There ewist pg > 0 and ay € (as,1] such that the problem of
solving the equation

D,(\ p,a) =0
has a unique solution A\, = A, (p, ) € C*= ((—po, po) X (a4, 1]), verifying
0w O
2(0,1) = 22200, 1) = £2(0,1) = 0.
0.1) = 5200 = Z= 0.

Proof. Let us write thanks to the compact expression (3.31)) of D,
0=—Dy,(\ p,a)

- <( O Pe’a))il (Vav1), (q)(kpe,a) - Id) Ul>F1
= [ (¥ o) ) [(alo) 42+ e 0) = (1= )A) ™ va(0) ~10] (1) Fr(0)

-/ (xp;;’peya))’l (Va1) (Wa(0) 4 A+ipvr — (1 — a)Ay) "L (A +ipv1 — (1 — a)Ay) (1)
Fi(v) dv.
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Let us now set z = A/p and s = 1 — a. We shall take the limit (p,s) — (0,0) in D,,. For this, we
define a new function Gy, as
Gu(z,p,s) = ;Dw(pz,p, 1—s).
Then, as A,(v1) = 0, we will have D, (A, p, ) = 0 if and only if
0=—-Gy(z,p,9)

-1
= L (\I/?pz,pe,l—s)) (11-501) (11_s(V) + pz +ipvr — sA) " ((z +ivy) v1) Fi(v) do.

Moreover, if &« — 1, thanks to the continuity of the equilibrium profiles F,, with respect to
a (recalled in Proposition and to the smoothness properties of these profiles (recalled in
Proposition[A.3), we have v (v) — v1(v), uniformly in v. Hence, if we take the limit (p, s) — (0, 0),
we find thanks to Lemma [B.6] that

0=—Gu(z,0,1)

* -1 zZ 4+ v
:/Rd <\P(07071)) (1) v (v1) Fi(v) dv

= z/ v? Fy(v)dv = 2 T).
Rd

Provided that T} is nonzero, we have z = 0.
It just remains to apply the implicit function theorem to the map (z,p,s) — Gu(z,p,s) in
(0,0,0). Provided that we have

0G., -
—(0,0,0) =T
82 ( 5 Uy ) 1,
there exist two real constants pg > 0, as € (a3, 1] and a mapping 2z, € C* ((—po, po) X [0,1 — aq))

such that if |p| < pp and s € [0,1 — ay), then

{ G.,(0,0,0) =0,

1
;Dw (P2w(p, ), p, 1 — 5) = Gy (20(p, ), p, 8) = 0.

To conclude the proof, we set A, (p, @) := pz, (p,1 —a) and this function has the properties we
were looking from. O

Let us now turn to the dispersion relations (3.25)), corresponding to the longitudinal sound
waves. We recall the simplified expression of D for the reader convenience:

<V"" T, pe,) 1>F1 <V°" T, pe,a) U1>F1 <I/"" T, pe,a) g>F1
D\ p,a) = <Va v1, T, pe,a) 1>F1 <Va v1, T, pe, a) U1>F1 <Va v1, T, pe, a) 9>
<Va97 T()\,pe,oc)1> <VagaT(/\,pe,o¢) v1> 1 <Vag7T()\,pe,o¢) 9>

F
We prove the following result concerning the behavior of the eigenvalues for small frequency and
inelasticity.

Fy

Fy Fy

Proposition 3.2. For A € U, (see Lemma , there exists p > 0 and as € (au,1] such that
for a € (a5, 1] the elastic dispersion relation D(X, p,«) = 0 has exactly three branches of solutions
M9 (p, ) for all j € {—=1,0,1} and p € (—py,p1). These solutions are of class C>(—p1,p1) and
verify

)\(j)(o’ 1) =0, Vjie{-1,0,1},
o\ _ 277

5 0,1) = ji T1+71, Vije{-1,0,1},
ON0) 3

80{ (0,1) Tlv
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where, \O) s the so-called energy eigenvalue and Ty is given by (1.11). Finally, we also have the
symmetry properties

(3.32) AD (—p,a) = A0)(p,a) = A7) (p, a0).

Proof. We shall use the ideas introduced in the proof of Proposition [3.1} instead of solving directly
the equation (3.25), we want to solve an equivalent one depending on z = A/p and we set to
simplify s = 1 — . We then introduce a function G = G(z, p, s) by setting

1
G(z,p,s) = ED(pz,p, 1—s).

According to the simplified expression (3.30) of D, all the components of the matrix found in
G(z, p,s) can be written for hy, hy € N;

117 <V1—s h1s Y (pz, pe, 1) h2>F1 B /

% —1
Rd (\Il(pz,pe,l—s)> (Vl—Shl)(v)

. — . S
(v1_s(v) + pz +ipv — sA,) <z + v — pAv> (ho)(v)Fi(v) dv.
By doing the same computations than in the proof of Proposition [3.1] this quantity becomes for
p=s=0
/R B (0) (= + i1 )ha(v) Fi (v) do.
Moreover, according to the definition of the Maxwellian distribution Fi, we have

1 1
L yrow( 4
2 \of Jof? (d+2)TF

<1,Z+iU1>F1 <1,(Z+iU1)’U1>F1 (1,(Z+iU1)g>F1
G(Z,O, 1) = <U1’Z+iU1>F1 <’U1,(Z+Z"U1)U1>F1 <U1,(Z+iU1)g>F1
(9,2 +iv1)r (g, (z+iv)v)r (9, (2 +iv1)g) R

P iT) z(dTl—cy)

_ iTl ZTl iTl ((d+2)T1—CV)
2(dTi—c) i ((d+2)T—c) Z((dTl_cy)2+2dT12)
:2T122:(d22+dT1+2T12)

=2dT{ (z — z_1)(2 — 20) (2 — 241),

Thus, we can write D as

where we have set for any j € {—1,0,+1}

e 207
zZji=71 Tl"‘Tl-

Hence, provided that G(z,0,1) has no multiple root, we have shown that

G(Zj70a0) = Oa
{ oG

g(zjvoao) 7& 07

and we can apply again the implicit function theorem to show that in a neighborhood Bx (—p1, p1) X
[0,1 — as) of (24,0), there exists an unique function z; € C* ((—p1, p1) x [0,1 — a)) such that if
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lp| < p1 and s € [0,1 — a5), then G(25(p, s),p,s) = 0 (and of course z;(0,0) = z;). We finally set
M) (p, 8) := pZi(p, s), which give a solution to (3.25) (with a = 1 — s) verifying

A9 (0,0) =0,

o)
ap (0, 0) = Zj.

We now have to prove that these three branches are the only solutions to D(\, p,a) = 0 for small
pand 1—a.

For this, following once more [8], we shall use tools from complex analysis. Let us fix |p| < p;
and a € (as,1]; according to the definition of D, the map A — D(A, p,«) is holomorphic on
the set Uz (defined Lemma . Moreover, following the previous computations, we also have
D(),0,1) = MH()) for a function H holomorphic on Us such that H(0) = 1. Hence, if \ is
defined along a circle C around 0, then D(\,0,1) will encircle the origin exactly three times. Using
the strong convergence of the multiplication operator @y ,e o) towards Id when (p, o) — (0,1),
we can write

lim  sup |D(A p,a) — D(A\0,1)] =0.
(P, @)=(0,1) XeU,
Hence, for small (p,1 — ), the function A — D(\, p, ) encircles the origin also only three times
when A traverses C. This function then only has three roots for fixed p and «.

Next, we compute the partial derivative with respect to « of the energy eigenvalue. This

eigenvalue is given by the solution of the dispersion relation that depends on p only at second

order, namely A\, Let hgg) be the associated eigenvector. We then have for all w € S%~1 and

w, @)
p>0
(3.33) Liam b, @) = XD (p,0) ) (v), Vv eR?

In particular, the “elastic, space homogeneous” energy eigenvector hgg)l) is defined thanks to the
Maxwellian profile Fy (given in (1.11))) as

(3.34) hioyy = o (Jol? = dTy) i,

where ¢ is a normalizing constant. We have by construction, using some elementary properties of
Gaussian functions

(0)
7o
where we have defined the mass N(f) and the kinetic energy E(f) of a given distribution f as

N = [ Sy, £ = [ 1) P do.

Lim-1) 1, N (hgg?l)) =0, ¢ (hgg?l)) =2¢codT?,

By integrating the eigenvalue equation (3.33)) against |v|? we obtain according to the expression
of the energy dissipation functional ([1.7))

A (p, )€ (h), o) =

(pw, )

—2(1—a®) D (Fa, h{), ) +2dN(1 =) (b, ) +ipw- /R ) B, () o] do.

As p tends to 0, dividing by 1 — « yields

Wf (0} = 201+ a) D (Fu b2),) + 24 (2, ).

Now, we use the rate of convergence of the inelastic profile F,, towards the elastic one F} recalled

in Proposition [A.4 and the smoothness of RO

(0.0) with respect to « obtained thanks to the use of
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the implicit functions theorem. We then obtain thanks to the nullity of the mass of hgg)l)
3.35 XVO.0) 0 (3,0 Y o1 40y 0 (FL, ) + 01
(3.35) o€ (M) = —20+ ) D (k) ) + 01 - a).

Finally, we compute thanks to the expression of the elastic energy eigenvector (3.34) and to the
definition ((1.11]) of the equilibrium temperature the quantities

£ (h

O) =2deo T2, D(FhG) = SdeoT

(0,1)

Gathering these relations and passing to the limit a — 1 in (3.35)) gives the result.

Concerning the last assertion of the proposition, we notice thanks to the invariance of the
eigenvalue problem under the composition of the convex conjugation and the reflection v —
—v that D(), p,a) = DX, —p,a) = D(A, p, ). O

Remark 4. As a consequence of the symmetry relation (3.32)
A (=p,a) = XD (p, ) = X (p, a),
we have A9 (p, a) € R.

Thanks to this proposition, we can construct the d + 2 normalized hydrodynamic eigenvectors

(hgi)w, a))je{—l,...,d}

of the inelastic linearized collision operator, for small p, o close to 1 and a given w € S¢~!. Indeed,
on the one hand, for j € {2,...,d}, we take A = A\, (p, ) for |p| < pp and a € (a4, 1] given by
Proposition and choose in ([3.12) z9 = z411 = 0 and any vector x € w. The relation ([3.10))

then allows us to construct the eigenvectors h& )w ) associated to the conservation of momentum.

On the other hand, for j € {—1,0,1}, we pick a solution A = AU)(p, a) for |p| < p and
a € (as,1] to the dispersion relation D(\, p,a) = 0 given by Proposition and choose the
vector (xg, - w,xq41) to be a solution to the system (3.21])—(3.24)—(3.23)) corresponding to this
eigenvalue. We then set # = (2 - w)w and recover through (3.12)

Ph)., o (®) = 20(p, @) + (2 0)(p,w v, @) + zara(p, 0) (Jv2 ).

Inserting this expression in (3.10) finally gives us the eigenvalue, depending on p, a (as a C*>

function), |v| and v - w. With this procedure, we have constructed three independent solutions
(corresponding to the acoustic waves and the kinetic energy) h() = hEi))w ) € LY(m™1) to the
eigenvalue problem

(—ip(w-v) + L) W) = XD R vje {-1,0,1}.

3.4. Higher Order Expansion. We are interested in this section to give an expression for the
expansion of the eigenvalues with respect to the spatial coordinate v = pw. We have seen in

Remark |3| that for a fixed w € S?°!, the eigenvalues )\(j)(p, «) and eigenvectors hg )w o) are

analytic functions of the radial coordinate p and the inelasticity 1 — «. Hence, we have for any
veR?
(3.36) A9 (p, @) = Z ADpm (1 — a)egj) +0 ((1 —a)?+(1- a)p) ,

n>0

(B37) G () = 3 AP @) 0" + (=07 () +0 ((1-a) + (1 -a)).
n>0
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According to the computations of the previous subsection, the first order components of this
expansion are given by

A9 = o, Vje{-1,...,d},
21_'72 i
)\gj) :]7’ Tl +71’ v] S {_17071}7 )‘gj) :0’ Vj € {2""’d}7
eg(n:_j’ M=o, vjie{-1,1,....d}.
Ty

We also have for any v € R?
0 _
he (v) = co (Jv]* = dTh) A,
for a nonnegative normalizing constant cg. Since the triple (,0 w, AU (p, @), hg} )w ) is solution to
the eigenvalue problem (1.20]), we can equate the power of p and 1 — « in (3.36)—(3.37)) to obtain

Lohg(w) =0, Vjie{-1,...,d},
Dy — (D o, () —
(3.38) Lohi (“’)—(Al +i(w U)) hg (w), Vje{-1,...,d},

LohP(w) = (AW +i(w-v)) B @) + S MNRY (), Vie{-1,....d} n>2,
k=2

where we also used the smoothness of £, with respect to 1 — « (Proposition [A.2)).
Hence, the coefficients of the expansion can be computed by induction. For example, to compute

)\éj ), we can integrate the eigenvalue problem (T.20)) with respect to |v|? and use the equations (3.38)
with n = 2 to obtain

Gy ° o (D
where we have set
q(h) = / h(v) v |v]? dv.
Rd
Now, using again (3.38) for n = 1, we know that
Loh(w) = (A +i(w-v) hf ().
Since )\gj ) is an imaginary number and h(()j ) a real number (it is the elastic, space homogeneous

eigenvector), we have that hgj )(w)(v) is also imaginary for all v € R%. Gathering this information
with the explicit representation (3.39)), we obtain that for any j € {—1,...,d}, the second order
expansion in p of A9, denoted by )\g) is nonpositiv The higher order expansions can be

computed by the same induction process.
This concludes the proof of Theorem [I.2]
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APPENDIX A. FUNCTIONAL TOOLBOX ON THE COLLISION OPERATOR

Let us present some important properties concerning the granular gases operator we heavily
used on this paper.

To be consistent with [I5], we shall define for § > 0 the regularized operator
L5 = Efé—ﬁ*—ﬁ’/,

5

where £1+, s is the regularization of the truncated gain term introduced in [I7]. One of the key
properties of the regularized operator is that it converges towards £1 when § — 0 in the norm
of graph of L'(m~!) (and also in the weighted Sobolev spaces W(f’l(m_l)) but with a loss of
integration weights:

Proposition A.1 (Proposition 5.5 of [15]). For any k,q € N, we have
H(Elﬁ - £1)g”W§‘1(m*1) <e(9) HgHW;jrll(m*l)’
where £(0) is an explicit constant, going to 0 as § — 0.

We then state a result about the Holder continuity (in the norm of the graph) of the gain term
of the granular gases operator with respect to the restitution coefficient a.

Proposition A.2 (Proposition 3.2 of [I5]). For any a,a’ € (0,1], and any g € Li(m™"), f €
Wl (m™=1), there holds

Q5. 1)~ Ql(a. )|
|Qx(f.9) - Q% (f.9)|

where we have set

sty <@ =) 172y I8l 23 oy

iy < £ (0= ) 12y 19l ey
1
e(r) = Cr3+is
for a constant s given by the weight function m(v) = exp (—a |v]®).
We also need to estimate the smoothness, the tail behavior and the pointwise lower bound

(uniformly with respect to the restitution coefficient «) of the equilibrium profiles F, solutions to
(1.9). We have the following result.

Proposition A.3 (Propositions 2.1 and 2.3 of [16]). Let us fiz ap € (0,1). There exist some
positive constants a1, as,as, a4 (independent of o) and, for any k € N a positive constant Cy such
that for all o € [, 1)

[ Fallzrearjo)y < a2, [ Fallgrm@ey < Ch,
Vo e R

Fa(v) > aze”lP,

Moreover, these profiles converge in L3 towards the elastic Maxwellian Fy, with an explicit rate:
Proposition A.4 (Proposition 3.1 of [16]). For any € > 0, there exists C. such that
|Fo — Fill s < C:(1 — ).
We now define for ¢ € C and § > 0 the operators
(A1) As =L, =L and  Bas(Q) = L" +To+( — (L - £1,),

where Z,, := £1— L, is the difference between the elastic and inelastic linearized operators. We can
then write the problem of computing the inverse of resolvent operator of L, as the perturbation
equation

Ea_C:Aé_Ba,(S(C)'
We state a result of convergence of the linearized granular gases operator towards the linearized

elastic operator (which is a consequence of Proposition |A.2)), as well as estimates on the operator
Ba,s.
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Lemma A.1 (Lemmas 5.9 of [I5] and 5.2 of [16]). For any k,q € N and any exponential weight
function m, the following properties hold:

(1) There exist a constructive ag € (0, 1] and some nonnegative constant C = C(k,q, m) such that

for any o € (ap, 1],
<C,

Hﬁa||W§r1211(m71)ﬁwéml(m71)

|1La — £1‘|W33,1(m,1)_>L1(m,1) <C(1-a).

2) For any 6 > 0, the operator As : L' — W2 (m™1) is a bounded linear operator (more
o

precisely, it maps function L' into C* functions with compact support).

(3) There exists some constants 6* > 0 and aq € (ap, 1) such that for any ( € A_,,, 6 < 0« and

a € [aq, 1] the operator
Ba,o(Q) s Woit (m™) = Wil (m™)

is invertible. Moreover, its inverse operator satisfies

) C

HBa’é(o 1HW§’1(m—1)ﬁW§’l(m—1) = m’
B C

|Bas(©) 1HW;~1<m—1HW;++f’1<m—1> <=l

for some explicit constants C1,Cy depending on k,q, 0", a;.

As a consequence of these results, we also have the following proposition.

Proposition A.5 (Proposition 3.8 of [15]). For any k,q € N, any exponential weight function m,
and any o € (ap, 1],

HEI N LTHWtfyl(mfl)%Wf_fl(m—l) <e(l-a)

where € has been defined in Proposition [A.3
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